We examined the host selection of common vampire bats (Desmodus rotundus) with stable carbon isotopes in an area that offered 2 isotopically contrasting food sources, either introduced livestock living on C 4 plants or native rainforest mammals living on C 3 plants. We predicted that vampire bats would have carbon isotope ratios (d 13 C) similar to those of livestock if they select exclusively cattle. The d 13 C of vampire bats averaged À10.3 6 2.6& (mean 6 SD) and was almost identical to that of livestock ( " X ¼ À12.9 6 1.6&). Thus, both vampire bats and livestock are clearly members of the C 4 food web. Typical rainforest mammals such as the fruit-eating bat Carollia perspicillata had a d 13 C of À24.4 6 0.6&, which identified them as members of the C 3 food web. The stable carbon isotope signature of local vampire bats implies a high degree of preference for cattle. We suggest that the population expansion of D. rotundus is only indirectly linked to increasing host densities and is more directly related to the bats' preference for livestock over native mammals, probably because fenced-in cattle are a more predictable resource than free-ranging natural hosts.
Desmodus rotundus (Desmodontinae; Phyllostomidae; Chiroptera) is the most specialized bat of the Neotropics, being exclusively dependent on blood for its survival (Goodwin and Greenhall 1961; review in Fenton 1992) . It parasitizes mostly large and medium-sized terrestrial mammals (Mayen 2003; Schmidt 1995) . Close to human settlements and farmland, D. rotundus ingests blood from cattle, horses, mules, goats, swine, sheep, and also from humans (Goodwin and Greenhall 1961) . Usually, vampire bats visit a single host animal per night (Wilkinson 1988 ), but they may drink blood from the same host animal during consecutive nights. As a consequence of this host loyalty and the use of anticoagulants that delay wound closure, hosts may suffer from the loss of large blood volumes. In addition, vampire bats may transmit pathogens such as the rabies virus (Mayen 2003; Schmidt 1995) . Today, vampire bats are most abundant in areas with extensive livestock farming. Low population densities of D. rotundus away from domestic animals have been interpreted as a reflection of low host densities (Turner 1975) . Although vampire bats may present a significant health risk to humans (Gonçalves et al. 2002) and an economic problem for the livestock industry, we lack baseline data on host selection by free-ranging vampire bats.
We studied the host preference of D. rotundus in a habitat that offers both livestock and native rainforest mammals as potential hosts. We used stable carbon isotopes to quantitatively assess the origin of blood ingested by vampires, because rainforest mammals have an isotope signature that is very distinct from that of grazing livestock (Coates et al. 1991) and because the isotope ratio of a diet is reflected in the consumer's tissue (DeNiro and Epstein 1978) . Livestock feed almost exclusively on grass that exhibits a so-called C 4 metabolic pathway of CO 2 fixation, which leads to a ratio of assimilated 13 C to 12 C that ranges between À15 and À10& in tropical regions, when set in relation to an international standard. Most rainforest plants are so-called C 3 plants with a metabolic pathway of CO 2 fixation that results in a stable carbon isotope ratio between À25 and À30& (Gannes et al. 1998) . Consequently, tropical habitats fragmented by farming are not only a patchwork regarding plant composition and diversity, but also a patchwork regarding stable carbon isotope composition. In numerous previous studies, stable carbon isotope signatures have been used to separate C 3 and C 4 food webs; for example, the distinct food webs of grazers and browsers in African grasslands (e.g., Ambrose and DeNiro 1986; DeNiro 1978; Tieszen et al. 1979) . In situations in which a parasite chooses between host organisms of C 3 and C 4 food webs, the isotopic signature of the parasite may indicate its strength of association with a food web and also with specific hosts.
Previously, the host-specificity of parasites was inferred from the frequency of host-parasite co-occurrence. However, host-parasite co-occurrence may not necessarily yield information on parasite preference, if a visit to 1 host group goes unnoticed, as is the case in vampire bats and their natural hosts.
In this paper, we use stable carbon isotopes as dietary tracers to assess host specificity of the common vampire bat. We hypothesized that D. rotundus prefers livestock over rainforest mammals and tested this hypothesis by studying the isotopic composition of vampire bats in a population in Costa Rica that was able to forage either in patches of protected C 3 rainforest where they roost or in nearby commercial C 4 pastures. If D. rotundus in our study area preferentially feeds on livestock rather than on native rainforest mammals, such as collared peccaries (Tayassu tajacu) or white-tailed deer (Odocoileus virginianus), then its tissue should have a higher carbon isotope ratio (d 13 C) than that of individuals feeding only on mammals in pristine rainforest (d 13 C ¼ À27. 4&-Herrera et al. 1998 ). However, if vampire bats in our study area feed on native rainforest mammals or have a mixed diet, then they should have a d
13 C value similar to that of individual D. rotundus in pristine rainforests, or intermediate values.
MATERIALS AND METHODS
This study was conducted in primary and secondary tropical forest around the La Selva Biological Station (Costa Rica, Province Heredia, 108259N, 848009W) in July 2000, March and April 2001, and July and August 2002. In our study area D. rotundus uses multiple-species daytime roosts. We caught bats on 12 occasions between 1800 and 2200 h with mist nets when they departed from their daytime roost. All roosts were located in the rainforest within, on average, 300 m of the nearest pasture. Thus, vampire bats could easily access the habitat dominated by C 3 plants (rainforest) as well as that dominated by C 4 plants (pasture).
We collected 2 types of samples from bats emerging from the roost. First, we removed hair from an area of approximately 0.25 cm 2 from the back. The hair was cut with scissors at the base close to the skin. Second, we took a tissue sample from the wing membrane using a 4-mm biopsy punch. All samples were preserved separately in Eppendorf tubes containing 70% ethanol. In the laboratory, we washed all samples with a chloroform : methanol (1:1) solvent to remove external contaminants (Voigt et al. 2003) . We then dried the samples in an oven to constant mass at 608C. Samples were stored in a freezer until isotope analysis. Treatment of animals followed guidelines of the American Society of Mammalogists (Animal Care and Use Committee 1998) and were approved by an institutional animal care and use committee.
Samples were analyzed in the stable isotope laboratory of the Department of Geology at the University of Erlangen-Nuremberg (Germany). The material was combusted and the resultant gases (N 2 and CO 2 ) were sequentially measured in a CE 1110 elemental analyzer connected via a continuous flow system to a Thermo Finnigan Delta Plus isotope ratio mass spectrometer (Thermo Finnigan, Bremen, Germany). The sample isotope ratios were compared with international gas standards (USGS-24 and IAEA-N1). Precision was better than 60.1& for both nitrogen and carbon. N. The diet of each individual D. rotundus was estimated by the mass balance equation of the following 2-end-point mixing model:
where p is the proportion of carbon in the diet that originates from the C 4 food chain and is assimilated into the tissue of D. rotundus, Á diet-bat is the diet-tissue enrichment of carbon isotopes, d 13 C cattle is the isotope ratio of livestock feeding on plants with a C 4 metabolism ( " X 6 SD ¼ À12.9& 6 1.6&; n ¼ 6), and the term (d 13 C noncattle þ Á diet-bat ) is the carbon isotope ratio for D. rotundus feeding exclusively on native rainforest mammals. For the latter term we used a d 13 C of À27.0& because this ratio was found in tissue of D. rotundus from pristine rainforest in Central America (Herrera et al. 1998) . To assess whether this value is representative for the local D. rotundus in our study area, we collected and analyzed leaf material from 6 forest plant species of the ground stratum. The isotope ratio of these rainforest plants was À34.4 6 0.4&. We calculated the d 13 C of blood from potential rainforest prey by using an equation from Jenkins et al. (2001) that converts d 13 C of the diet into d 13 C of plasma and is based on data from several herbivorous mammals (e.g., Lagomorpha, Rodentia, and Artiodactyla). This equation provides a d 13 C of À30.5& for a rainforest herbivore assimilating a diet of À34.4&. If D. rotundus and nectar-feeding bats have a similar diet-consumer enrichment of 3.1& (Voigt et al. 2003) , the expected d 13 C in wing tissue of D. rotundus is À27.4&. Thus, in calculating the expected d 13 C of native rainforest mammals and consequently that of vampire bats we have accounted for 2 trophic steps. The estimated d 13 C of D. rotundus feeding on native rainforest mammals at La Selva is similar to that found by Herrera et al. (1998) for D. rotundus foraging in Mexican rainforests. Based on À27& as the d 13 C of the local D. rotundus, equation 2 can be rearranged as follows:
Data analysis.-Before using parametric statistics, we checked whether the underlying assumptions were met. We used a 2-tailed t-test to test whether the d 13 C signature of D. rotundus deviated from the expected value of À27.4&. We tested for differences in d 13 C of vampires and a typical rainforest representative, the fruit-eating bat Carollia perspicillata, using a 1-way analysis of variance (ANOVA). Host preference of vampire bats was assessed by calculating the standardized selection ratio (a 1 ), following Manly et al. (1993) :
In the case of host-parasite associations, a 1 gives the probability of a parasite associating with host 1 when 2 potential host species are equally abundant. In the present case the variables o 1 and o 2 represent the percentage of carbon isotopes originating from the C 3 and the C 4 food chains. The parameters p 1 and p 2 are the proportions of host 1 and 2 in the total population of potential hosts. Note that a 1 assumes a maximum value of 1 (indicating an exclusive preference for host 1), if o 1 is 100%, irrespective of the relative abundances p 1 and p 2 of the host species. The statistical analyses were run using SPSS Trends (SPSS Inc. 1994) . All values are given as mean 6 1 SD. The mass balance equation 2 requires an assumption of 3 parameter values: the expected d
13
C of the C 4 food source, the expected d 13 C of the C 3 food source, and the expected diet-consumer enrichment. To evaluate how deviations from the used d 13 C parameter may affect the results of the equations, we conducted sensitivity analyses for the host-parasite system. For equations 2 and 4 we calculated the expected mass balance d 13 C for varying ratios of C 4 and C 3 sources when the assumed source d 13 C deviated by 61& from the expected value or when the diet-consumer enrichment varied by 61& from the expected value.
RESULTS
Isotopic signature of bats. 15 N between both sample types also approached significance (paired t-test: t ¼ 1.98, d.f. ¼ 19, P ¼ 0.062). In the remainder of the analysis, we only compare the isotope data from wing membrane tissue samples.
We also caught 29 individuals of other bat species at the same daytime roosts (sample sizes given in parentheses): C. perspicillata (18), Glossophaga commissarisi (3), Saccopteryx bilineata (3), Trachops cirrhosus (3), Carollia castanea (1), and Peropteryx kappleri (1). The latter 5 species were irregular occupants of roosts of D. rotundus. The frugivorous C. perspicillata was the predominant bat other than D. rotundus in the roosts (62% of all non-D. rotundus captures). Here, we compare isotope data only between D. rotundus and C. perspicillata, with the latter as a typical representative of the rainforest habitat.
The d 13 C in the wing membrane of C. perspicillata averaged À24.4 6 0.6& (Fig. 1A) (Fig. 2) . The median and maximum of the frequency distribution equalled 100%. Only 3 of 35 D. rotundus assimilated carbon isotopes almost equally from both C 3 and C 4 food chains (Fig. 2) . To assess whether D. rotundus prefers livestock over native rainforest mammals, we calculated the standardized selection ratio a 1 according to Manly et al. (1993) . With o 1 being 100% and o 2 being 0% in the present case, a 1 ¼ 1, indicating that in our study D. rotundus preferred livestock over native rainforest mammals.
Sensitivity analysis for the livestock-vampire system.-Our result on food preference of D. rotundus at the study site is based on various assumptions. We tested how changes of 61& in the assumed d 13 C of the 2 food sources and changes of 61& in the diet-consumer enrichment would affect the hypothetical mass balance d 13 C in tissue of D. rotundus for various combinations of C 4 and C 3 sources. The mass balance d 13 C in the tissue of D. rotundus changes gradually if the d 13 C of livestock deviates from the measured value by 61&. The power of this effect increases with an increasing proportion of C 4 food in the diet (Fig. 3A) . If D. rotundus consumes 50% food sources from the C 3 and C 4 food chain, the change in mass balance d 13 C is 60.5&. If D. rotundus feeds exclusively on livestock, the changes in mass balance d 13 C are 61&. The outcome of the sensitivity analysis is reversed when the assumed d 13 C of local rainforest mammals deviates by 1& from the expected value (Fig. 3B ). The power of the effect remains the same. In summary, deviations in source d 13 C by 1&, or 7% of the isotopic difference between C 3 and C 4 food sources, yield a maximum error of 1& in the mass balance for d 13 C provided the corresponding food source is consumed exclusively. If the diet-consumer enrichment between tissue of D. rotundus and food sources deviates by 61& from the expected value, the resulting mass balance d 13 C changes by 1&, irrespective of diet (Fig. 3C) .
DISCUSSION
We investigated the host preference of D. rotundus by measuring stable isotope ratios in tissues of vampire bats, a sympatric rainforest mammal (C. perspicillata), and cattle. The rainforest of the study site is surrounded by pastures used intensively for raising livestock (Montagnini 1994) . Therefore, vampire bats have the choice of 2 isotopically distinct host groups: either members of a C 3 food chain in the rainforest or members of a C 4 food chain in pastures. C 4 food sources other than livestock are unlikely to be available, because hunting and poaching are intense in the unprotected area outside the rainforest reservation. Native rainforest mammals such as whitetailed deer, red brocket deer (Manzama americana), collared peccaries, and others are present as alternative hosts in the protected areas covered by rainforest (Timm 1994) . Our results indicate that D. rotundus was part of the C 4 food chain and that local vampire bats, although they spent the day in a C 3 environment, foraged at night in the C 4 habitat, that is, they ingested blood almost exclusively from livestock rather than native rainforest mammals. Given the more rapid turnover rates of wing membrane tissue (relative to hair- Voigt et al. 2003) , examination of our data shows that cattle were almost constantly selected during the 2-4 months preceding sampling. The slightly higher d 13 C of hair implies that the food preference of vampire bats for livestock is even stronger on a longer timescale. However, interpreting data from hair samples is difficult because bats may molt seasonally and because diet-consumer enrichment in hair is different than that in wing tissue (Voigt et al. 2003) .
The underlying cause of the preference of vampire bats for livestock is unknown. Possibly, livestock are easier to detect for vampire bats or present a more reliable and constant food source than endemic rainforest mammals, because cattle are kept in fenced pastures. Livestock blood could also be of higher nutritional quality than the blood of native rainforest mammals, possibly because of differences in hematocrit parameters. However, a comparison of hematocrit values of 5 domestic mammals (Bos taurus indicus, Bos taurus taurus, Capra hircus, Equus caballus, and Sus scrofa; " X ¼ 371 6 35 ml/liter, range ¼ 315-407 ml/liter) and 5 potential natural host species (T. tajacu, Nasua narica, Agouti paca, O. virginianus, and M. americana; " X ¼ 375 6 25 ml/liter, range ¼ 338-403 ml/liter, values taken from ISIS [2002] ), reveals no significant differences in blood hematocrit (ANOVA; F ¼ 0.058, d.f. ¼ 1, 9, P ¼ 0.82). In addition, experiments involving taste preferences of vampires argue against the idea that vampires select livestock for the nutritional content of their blood (Ratcliffe et al. 2003) .
Intermediate d 13 C values of some individual D. rotundus imply that vampire bats occasionally lived on a mixed diet of cattle and native rainforest mammal blood. These animals obviously fed both on host species of the C 3 and C 4 food web. In the Calakmul Biosphere Reserve of Mexico, Herrera et al. (1998) indicating that when livestock is absent vampire bats take blood from mammals that feed on C 3 plants, such as peccaries, tapirs, and deer. Sensitivity analyses indicated that deviations in the assumed isotope ratios of food sources and dietconsumer enrichments slightly affect the outcome of the calculations. Because we could not monitor the d 13 C of all potential host mammals, we cannot rule out the possibility that small deviations from the assumed isotope ratios have affected our results. Nonetheless, we argue that the study population of D. rotundus is clearly a member of the C 4 food chain, even if 5-10% of carbon in the diet originated from the C 3 food chain.
The d 15 N of D. rotundus significantly exceeded that of phytophagous bats by 3.2&, an almost identical value to the dietary shift in trophic enrichment found in 2 other bat species ( " X ¼ 3.0&- Voigt and Matt 2004) . Other studies indicate a lower trophic enrichment in 15 N between 2 adjacent trophic levels: 2.1& between frugivorous bats and their diet and 2.2& between insectivorous and carnivorous bats (Herrera et al. 1998) . In this study, the difference in d
15
N between vampires and phytophagous bats of the same study area clearly suggests that D. rotundus is evidently at a higher trophic level.
To summarize, vampire bats were identified as members of the C 4 food web, which implies a preference for livestock over native mammals. We argue that this preference is not caused by specific blood parameters of the potential hosts or by taste preferences of the vampires, but most likely by the fact that fenced-in livestock is a more reliable food source than freeranging endemic rainforest mammals for opportunistically feeding D. rotundus. Vampire bats live under the permanent risk of starvation (Freitas et al. 2003 (Freitas et al. , 2005 Wilkinson 1988) and foraging D. rotundus may therefore lack any specialization for a specific host species. Vampire bats may take advantage of the artificial situation that large mammals, namely livestock, are restricted in their movements by humans.
RESUMEN
Examinamos la selección de los hospederos de murciélagos vampiros (Desmodus rotundus) usando isótopos estables de carbono en una área que ofrecía dos fuentes isotópicamente divergentes de alimentación, o de ganado que se alimenta de plantas C 4 o de mamíferos nativos del bosque lluvioso que se alimentan de plantas C 3 . Predecimos que los murciélagos tendrían una proporción de isótopos de carbono (d 13 C) similar a las del ganado si ellos escogieran exclusivamente vacas. El d 13 C de los murciélagos vampiros fue en promedio À10.1 6 2.6& y fue casi idéntico a lo del ganado (medio À12.9 6 1.6&). Por lo tanto, fue evidente que murciélagos vampiros y ganado son miembros de la red alimenticia C 4 . Animales típicos del bosque lluvioso como el murciélago frugívoro Carollia perspicillata tenían un d 13 C de À24.5& 6 0.5& que los identificaba como miembros del la red alimenticia C 3 . La señal isotópica de carbono encontrada sugiere que los murciélagos vampiros locales tienen un alto grado de preferencia por el ganado (vacas). Sugerimos que la expansión de la población de D. rotundus está indirectamente relacionada con el aumento de la densidad de los hospederos, en cambio está directamente relacionada con la preferencia de los murciélagos hacia el ganado más que hacia los mamíferos nativos, probablemente porque el ganado encerrado es un recurso más previsible que los hospederos naturales.
